Abstract-Process integration design methodologies have been developed and introduced to synthesise an optimum heat exchanger network (HEN) arrangement. However, controllability issues are often overlooked during the early stages of a plant design. In this paper we present a five-step procedure that involves the use of multivariable disturbance and control analyses based solely on steady-state information and with the purpose to assess process design developments and to propose control strategy alternatives appropriate and suitable for a HEN.
I. INTRODUCTION
HERE is an industrial and moral concern of having chemical plants that are environmentally sustainable and energy efficient over an wide range of operating conditions. Process design methodologies have been developed and introduced to meet lowestcost-of-operation and environmental constraints or demands leading to heat-integrated plant designs. However, controllability issues are often overlooked during the early stages of a plant design, and this problem may lead to extra work and extra cost for the resolution of possibly severe deficiencies in the ability to control the plant.
Many authors have discussed the importance of control systems design during the development of the design of a process (e.g. [1] ) and it has been demonstrated that good control design is an effective way to ensure that a plant will exhibit flexibility for changes and resiliency to disturbances to operating conditions. This situation also applies for the design of a Heat Exchanger Network (HEN). HENs are the heart of heat-integrated plant designs and normally the classical synthesis of a HEN assumes and keeps all design operating conditions at a constant value, (e.g. [2] ). Before further design for detailed engineering, some analysis and modifications of the synthesised HEN have to be carried out in order to guarantee good flexibility and resiliency of the HEN, since in reality operating conditions are expected to change. This implies the HEN works at different operating conditions, which are normally attained by changing set points in the control system.
The purpose of this paper is to present a simple and comprehensive procedure to determine the controllability of heat-integrated plants, in order to assess process design developments and to propose control strategy alternatives appropriate and suitable for a HEN. In this paper we present a five-step procedure to determine the controllability of a HEN using multivariable control and disturbance analyses based on steady-state information. This procedure can be easily implemented to assess both process design and control systems design. For the methodology presented in this paper, we assume a decentralized control system as the simplest approach to a multivariable control system for the HEN.
II. STEADY-STATE INFORMATION
First we need to determine the general plant gain matrix at steady state, G P G , which is an m · n matrix, with the number of rows determined by the number of target temperatures (TT i ) and the number of columns determined by the number of all potential cold and hot single and multiple bypasses (Z j ). In general, G P G can be computed through the following equation: 
each g dik element represents the variation of the i-th TT with respect to the variation of the k-th disturbance d in the flow rate of each of the process streams and supply temperatures.
III. SCALING OF VARIABLES
The main objective of scaling variables is to keep them within the interval -1 and 1, making easier the interpretation of the results for comparison of controllability indices, and ensuring stability of calculations. This normalization process depends on the process nature and the design requirements. The manipulated variables will be normalized with respect to their allowed range of variation, which normally will correspond to a physical constraint of the control valves that will be implemented on the real plant or availability of utilities or other process variables. The process variables will be normalized with respect to the allowed error range or offset in a feedback control system. Disturbances will be normalized with respect to their expected magnitude. A "
• "will denote a scaled magnitude.
The scaling requires the set of operating rates and conditions. This is the knowledge of not only the nominal values of the process stream flow rates, heat capacities, supply and target temperatures, but also their expected variations.
IV. FIVE-STEP PROCEDURE
The following is the five-step procedure developed in this paper to determine the controllability of a HEN.
A. Step 1. Control Objectives
For a HEN the most important control objective is to keep the Target Temperatures (TT) at the specified set points, or within acceptable ranges around the set points, thus guaranteeing proper downstream operation. The best option is "perfect control", i.e. control at the set point. However, depending on the downstream process requirements, a range of variation for acceptable control has to be determined.
Bypassing process-to-process heat exchangers will be done in order to control the TTs. The flow rates through such bypasses will be considered as the manipulated variables. Most important is to determine the appropriate set of hot and cold bypasses, single or multiple, needed to control TTs. We are not considering the control of TTs achieved by using process-to-utility heat exchangers, because the overall design of a HEN has to assume enough available utilities for all operating conditions.
B. Step 2. Select Appropriate Bypasses
The potential pairings can be determined through the use of the non-square Relative Gain Array (ns-RGA). The ns-RGA was found to be an adequate tool to determine the needed pairings between single and multiple bypasses and target temperatures [3] . The way this ns-RGA will be formulated is described in the following array for a number m of TTs; TT 1 to TT m and a number n of potential bypasses Z 1 to Z n. The ns-RGA can be evaluated using the following formula:
where ˜ is the Schur product between two matrices and G † P G is the pseudo-inverse matrix of
calculated by using equation (4) .
The rank of L G HEN is m · n. In order to determine the appropriate pairings between bypasses and target temperatures, elements nearest to 1 have to be chosen and this will ensure that the pairing values in the square RGA [4] derived from the general ns-RGA will be positive and relatively close to one, in order to guarantee large process gains. Once the appropriate elements of ns-RGA are chosen, then a square RGA is calculated using the selected columns of each of the rows of the ns-RGA. Once the appropriate pairings are selected, a square RGA of the HEN, L HEN , is calculated:
G P is obtained by eliminating the columns in G P G of the inappropriate by-passes. Now the rank of L HEN is m · m. This resulting RGA will confirm that the appropriate pairing will have large positive values, but it will not guarantee values close to 1. Using this procedure an exhaustive screening process is avoided and it is not necessary to screen a factorial number of potential alternatives.
C. Step 3. Flexibility of a HEN 1) Condition number.
Westphalen et al. [5] proposed to determine the controllability of a HEN based on the analysis of the condition number (g). The value of g is calculated using the gain matrix G P . If this condition number is small, the HEN is considered to be more controllable than a HEN with a large g. determined from the singular value decomposition (svd) of G P . A HEN with a large condition number is considered to be ill-conditioned (e.g. [6] ).
2) Performance relative gain array.
In order to overcome the problem of one-way coupling that the RGA cannot assess, Hovd and Skogestad [7] introduced the concept of the performance relative gain array (PRGA), which is defined as follows:
where
G is a diagonal matrix, having the same diagonal values of the scaled matrix
PRGA is a good measure of the performance of the decentralized control system on the HEN giving an idea of the magnitude of the controlled variables. An svd analysis on a PRGA is useful to determine the interaction direction in a HEN [8] . Set point changes coming in the direction of the maximum singular value will affect adversely the performance of the control system because of the magnitude of interactions.
D. Step 4. Disturbance Analysis of a HEN 1) Disturbance acting on a HEN.
In this case the analyses that will be presented here will focus on both scaled G P and G d . Flow rate upsets and supply temperature variations are considered the most important disturbances acting on a HEN.
2) Disturbance condition number.
The disturbance condition number is interpreted as the ratio between the required manipulated variables values for disturbance rejection and the manipulated variables values needed if the same disturbance gain was aligned with the largest HEN gain direction. The disturbance condition number g dk for a disturbance d k can be calculated from the following equation:
is the column of
G corresponding to the disturbance k. In the formula the 2-norm of a vector is being used and indicated redundantly. g dk may vary between 1 and g. The later limit is undesirable.
3) Closed-loop disturbance gain. Skogestad and Hovd [9] introduced the concept of the closed loop disturbance gain (CLDG), and this is an indicator for the performance of the decentralized control with respect to disturbance rejection [10] . The CLDG is calculated via the following formula:
where D HEN is CLDG of a HEN. The CLDG is closely related to the relative disturbance gain [11] . And if the values of its elements are below 1, it is said that no control is needed since the difference between the set point and the TT will never exceed its bounds [10] . This implies no controller is needed. The CLDG and the PRGA have the same mathematical origin; both were derived at the same time. Through an svd analysis on the CLDG we can predict the magnitude and interaction direction of the disturbances in the HEN.
E. Step 5. Resiliency of a HEN 1) Magnitude of manipulated variables.
Constraints on the manipulated variables can bound the capability of the HEN to reject disturbances and track set point changes. It is also important to find the smallest possible changes in the manipulated variables needed to reject disturbances. One way to achieve this is to determine the specified control performance. For "perfect control", when the difference between the set point and the process variable or error is zero, the values of the manipulated variables for "perfect" disturbance rejection is calculated using the following formula:
and considering each disturbance and the worst case scenario, when |
For "acceptable" control, and if there is no set point changes, it is possible to achieve 1 £ ¥ u for any
In the formula the infinite norm of a vector is utilised to determine is a manipulated variables reaches its maximum or minimum value.
Mathematically it is required to solve the following optimization problem:
represents the worst-case scenario.
2) Resiliency index.
Introduced by Morari et al. [12] , the resiliency of the HEN can be determined by the maximum disturbance range, also known as Resiliency Index (RI), such that for a maximum disturbance range, feasible operation is achieved. The RI is mathematically denoted by the following:
Feasible operation is defined as an acceptable performance in spite of limitations on the manipulated variable 1 £ ¥ u . The RI is determined by using equations 11 and 12, increasing the magnitude of the disturbance until U min = 1.
V. CASE STUDY
The following case study is the HEN studied by Ahmad et al [13] . This is the case of three hot process streams, H1, H2 and H3, and two cold process streams, C4 and C5. The stream data is shown in Table 1 . Figures 1 and 2 show the two HENs synthesized by Ahmad et al. [13] with all alternative cold and hot bypasses. HEN#1 was designed using pinch-point technology, with a minimum temperature approach of 30 o C, and HEN#2 was obtained from HEN#1 after a continuous optimization design procedure by minimizing the heat transfer area. The following is the implementation of the 5-step procedure presented above. A.
Step 1. Control Objectives Table 2 summarizes the control objectives for both HENs. The number of potential single and multiple bypasses available to control each of the target temperatures are indicated in Table 3 . As expected, when the number of heat exchangers in the HEN increases, so will the number of potential bypasses. Tables 4 and 5 show the process gain values for each HEN. The tables also show the ns-RGA for each of the HENs. The bolded and underlined values are the ones considered most appropriate for pairing and will be selected for the square process gain matrix and for further analyses.
1) Scaled process gain matrix and square RGA.
Since the HEN design procedure utilized by Ahmad et al. [13] did not consider the existence of bypasses, and the temperature dependence of the heat capacity and pressure drops, some adjustments in the heat exchanger areas have to be made, in order to meet the pinch-point temperatures for HEN#1 (159 o C and 129 o C), and to meet the target temperatures attained by using process-to-process heat exchangers.
According to the expected variations in the operating conditions and in the target temperatures, we scale the process gain matrix of HEN#1 multiplying by 0.1 and HEN#2 multiplying by 0.15. The meaning of such factor is that we expect 5 o C of variation in the target temperature and 0.1 or 0.15 flow rate fraction in the bypass respectively. Flow rate fraction of 0.1 or 0.15 means that the maximum flow rate in the bypass is 20% or 30% of the flow rate in the process stream. Table 6 shows the new gain matrices for the HENs. The addition of bypasses will affect the overall heat transfer area of each HEN, and for both HENs we assumed that the WCp for the HEN synthesis was considered at pinch point conditions. WCp decreases with temperature, thus cold streams require more energy to be heated and hot streams interchange less energy when they are cooled down. Therefore, more hot utilities are required and less cold utilities. More energy is required below the pinch point, and less energy is interchanged above the pinch point. We also have to consider pressure drops as they not only affect upstream pump duties and downstream operations, but also the expansion of both cold and hot streams will add some thermal inefficiency, and more hot utilities will be needed to meet the target temperatures. Table 7 shows the results for the square RGA of each HEN, confirming that the bypasses selected are appropriate to control the HENs. Table 9 , in order to determine the performance of the decentralized control system with respect to set point changes. HENs with the smallest variations will be preferred. Table 10 the scaled disturbance gain matrices, G d , for each HEN are shown. The scaling factors for each of the disturbances are established according to their expected maximum variations. For disturbances in the flow rate, we expect a variation of ±15% and for variations in the supply temperatures we expect a variation of ±5 o C. 2) Calculate the disturbance condition number. Table 11 shows the disturbance condition number, for each of the HENs. Disturbance condition numbers that are much less than g are desired. Those close to g are considered to be in a bad direction. By inspection, all disturbances have a considerable effect on the HEN. 3) CLDG and its svd values. Table 12 shows the values of the svd of the CLDG. Those having the least magnitude of effect will be preferred. Maximum effects have to be expected when disturbances in the flow rates occur. Step 5. Resiliency of the HENs 1) "Perfect" and "acceptable" control. Table 13 shows the maximum value of the two manipulated variables in order to reject each and all of the disturbances to the HEN to have "perfect" control. If numbers are above 1, then we have to consider that we only are able to have acceptable control. Also in Table 13 the maximum value of the manipulated variables to achieve "acceptable" control are shown in bold, italic and underlined, which mean that the target temperatures will have a variation within a range of ±5 o C from the specified set point value. If some of the values of U min are greater than 1 that means that the bypass has no capacity to reject the disturbance and we might have a large offset. 2) Resiliency indexes. In Table 14 we present the values of the resiliency index for each of the HEN for each individual disturbance. Those HENs with the largest values will be preferred. 
F. Some Results from Dynamic Simulations
By analyzing all the values presented in the above tables, we can determine that HEN#2 is the most appropriate arrangement, because, overall, it presents the best values of all the controllability parameters. Dynamic simulation was then employed to validate this conclusion. Figures 3 and 4 show the dynamic behaviour of HEN#1 and HEN#2 respectively, due to set point changes of 5 o C. These figures confirm that set point changes will reveal large interactions in HEN#1, compared to HEN#2. Figures 5 and 6 show the dynamic behaviour to disturbances in WCp H3 and WCp C4 . Disturbances will have a lower effect on the manipulated variables of HEN#2 compared to HEN#1. Moreover, some variations in HEN#1 will result in offsets from the desired set points. Finally, Figures 7 and 8 show the dynamic behaviour due to disturbances in TS H2 and TS H3 . As predicted above, disturbances in the supply temperatures will have a very low effect on both HENs and to much lower degree in HEN#2. All of these figures confirm that HEN#2 is the best choice.
VI. SOME PROCESS DESIGN CONSIDERATIONS
Without considering bypasses, the temperatures and heat duties of a HEN are based on the fact that the heat capacity changes with temperature, and also pressure drop across the network. We should not forget that for further analysis we have to consider the cost of the pipelines, including bypasses, control and manual valves, instrumentation and the control system.
The addition of bypasses will affect the heat transfer areas of all heat exchangers. In Table 15 the heat transfer areas of each heat exchanger in each HEN are shown. Another factor that affects the size of the heat exchangers is the fact that the flow rate splits have to be modified in order to meet the target temperatures. In order to optimize the total cost of a HEN, the size of the bypasses can be decreased based on the controllability results. From the "perfect" control analysis we can consider this possibility if the values of the manipulated variable, u, or U min are small. For example, if the values are lower than 0.5, we can consider to decrease at least a third of the original size considered for the analysis, allowing us to have enough flow rate to reject disturbances and economize in the size of the piping diameters of the bypasses, as well as of the control valves.
VII. CONCLUSIONS
The above five step methodology using steady state controllability measures proved to be a useful screening tool to determine the controllability of a set of potential HEN for a particular plant. The magnitude of such measures can be used to determine the more controllable HEN. Dynamic simulations support the results obtained from this methodology. By keeping the methodology simple and practical, the hope is that it can be easily understood and exploited by process and control systems design engineers using commercial simulators, in the design of actual chemical processes. 
